Context and objective: Males with Klinefelter syndrome (KS) are typically hypogonadal with a high incidence of metabolic disease, increased body fat and mortality. Testosterone treatment of hypogonadal patients decrease fat mass, increase lean body mass and improve insulin sensitivity, but whether this extends to patients with KS is presently unknown.
Introduction
due to diabetes as well as diseases of the cardiovascular, respiratory and digestive systems (6) .
The association between KS and diabetes was first reported in 1969, with 39% of patients with KS having a diabetic oral glucose tolerance test (7) . Others have described decreased insulin sensitivity, with increased fasting insulin levels (8) . At the same time cross-sectional studies have shown an inverse relationship between plasma testosterone and insulin resistance in normal males (9) . We previously found that the increased occurrence of insulin resistance and diabetic glucose tolerance testing among males with KS, translates into an increased frequency of type 2 diabetes among patients with KS, which are often hypogonadal (10) . Among normal males, hypogonadism is also more prevalent among patients with type 2 diabetes than in age-matched controls (9) , which could indicate a bi-directional relationship between testosterone and diabetes. This effect is less pronounced (11) or even absent (4, 12) when one takes into account BMI or waist-to-hip ratio. This lack of an association between testosterone and diabetes, when adding BMI or the amount of body fat into the equation, begs the question whether the association between testosterone and type 2 diabetes is through adiposity rather than testosterone itself, not forgetting the distinct genetic background present in KS with an additional X chromosome. It has been shown that treatment with testosterone in hypogonadal patients with type 2 diabetes improves insulin sensitivity in obese patients (13) , but not in lean patients (14) . Which point toward the fact that changes in insulin sensitivity during therapy largely depend on the amount of 'modifiable fat', especially visceral fat.
Studies on male hypogonadal patients of different etiologies have shown an increase in muscle mass and a decreased fat mass following 6-month testosterone treatment (15) and that withdrawal of testosterone supplementation for just 14 days lead to lower insulin sensitivity (16) . However, the genetic make-up of males with KS is unique and one study found that increased insulin resistance in KS was related to gene dosage of the CSF2RA gene located on both the X and Y chromosome (17) . Also higher leptin levels in KS compared with controls were not lowered after 3 months of testosterone treatment (18) , and finally, it has been suggested that overproduction of CCL2, a small chemokine expressed at sites of inflammation and associated with insulin resistance, could explain insulin resistance in KS (19) . Recently, we found profound changes in the methylation and RNA expression pattern throughout the genome among males with KS and enrichment analyses showed that the observed methylation changes was related to development of diabetes (20) .
The present study is the first randomized placebocontrolled study to investigate the effects of testosterone treatment on insulin sensitivity, body composition, muscle strength and maximal oxygen uptake in patients with KS using gold standard methods. We hypothesized that testosterone treatment would improve insulin sensitivity and body composition.
Materials and methods

Subjects
Twenty males with KS were included in the study. Men with KS were recruited from the outpatient clinic at the Department of Endocrinology and Internal Medicine at Aarhus University Hospital. Inclusion criteria were age above 18 years with verified KS karyotype. Exclusion criteria were BMI above 35 kg/m 2 or below 20 kg/m 2 , diabetes, history of malignant disease, prostate-specific antigen above 4 ng/mL, symptomatic heart disease, familial history of thromboembolic conditions, clinical hepatic disease (alanine aminotransferase more than four times above upper limit value), known allergic condition toward the medicine used in the project, heavy smoking (more than 30 cigarettes a day), alcoholism (more than 21 units of alcohol per week), severe mental illness or any other condition with a known influence on the investigated parameters.
Most males with KS had received testosterone treatment before entering the study, while a few were testosterone naïve at inclusion. During the study one was excluded due to a high serum testosterone. Four withdrew their informed consent, and two withdrew their consent to participate due to side effects of the study medication, which was perceived to be normal effects of testosterone by the study investigators. Thus the final study group consisted of 13 patients (age: 34.8 (22-56 years); BMI: 26.7 ± 8.8 (kg/m 2 )) with cytogenetically verified KS. The control group consisted of 13 age-(age: 34.8 (21-53) years) and BMI-matched (27.0 ± 6.9 (kg/m 2 )) healthy controls, which were recruited through advertisement on the Internet. Before study start, participants (KS and controls) were screened and a complete physical examination was performed. All volunteers received oral and written information prior to giving written, informed consent. The study was conducted from 2005 to 2012. The protocol was approved by the Region Midt Ethical Scientific C Høst et al.
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Committee (#20030077) and performed in accordance with the Helsinki Declaration II.
Study design
The study was a 12-month randomized, double-blinded, placebo-controlled, cross-over study without a washout period (Fig. 1) . Randomization was performed in blocks of six in order to ensure equal numbers in each group, and by an independent body. Study days consisted of two coupled days; Day 1 or 'metabolic day' and Day 2, allocated for DEXA estimation of body composition, CT measuring the amount of intra-abdominal (visceral) fat mass, a VO 2 max test, muscle strength and 24-h ambulatory blood pressure measurement (AMBP) (Fig. 1) . The KS group was randomized to either testosterone in the form of Andriol® (testosterone undecanoat) or placebo treatment and subsequently crossed over. The Andriol® dose was 160 mg/day divided in two doses of 80 mg and participants were instructed to ingest the medicine with a fatty meal. Compliance was measured by counting the remaining pills after every 6-month period. The control group did not receive any treatment and was examined once. The KS group was examined before and after each 6-month period. KS participants received their last tablet the evening before the examinations.
Three days before the study, volunteers were instructed not to participate in heavy physical exercise or to drink alcoholic beverages. After an overnight fast (>10 h) subjects were admitted to the clinical research unit and confined to bed.
Hyperinsulinemic euglycemic clamp
At 08:00 h (t = −180 min) a catheter was placed into an antecubital vein for infusion of saline to maintain catheter patency. Another catheter was inserted into a vein on the contralateral hand and kept in a thermo-regulated heating box (60°C) for sampling of arterialized venous blood. After collection of baseline blood samples, plasma was collected for metabolites at t = 0, 150, 165 and 180 min. At t = 0 min, a 3-h infusion of human insulin (Actrapid; Novo Nordisk A/S) commenced (1.0 mU/kg total body mass/min). Plasma glucose was measured every 10 min and clamped at 5 mmol/L by a variable infusion of 20% glucose. The glucose infusion rate during the last hour of the clamp (M value) was used as an index of insulin sensitivity. Insulin and metabolite concentrations were determined every 60 min. Respiratory exchange rates (RQ) and total energy expenditure (EE) were calculated from indirect calorimetry (Deltatrac; Datex Instrumentarium, Helsinki, Finland) and urea excretion. Oxidation rates of 
Figure 1
Outline of the study design and the two separate study days.
glucose was calculated based on non-protein EE and RQ (21) . Indirect calorimetry was performed from t = −30 to t = 0 min and from t = 150 to t = 180 min. At 180 min, all catheters were removed and plasma glucose stabilized and the participants had lunch and were discharged.
Analytical techniques
Plasma glucose was analyzed in duplicate using the glucose oxidase method (Beckman Coulter). Measurements were performed immediately during the study. Insulin was measured with an immunoassay (DAKO). HOMA2 calculator was downloaded from https://www.dtu.ox.ac. uk/homacalculator/. Plasma glucagon was measured by a RIA (22) . Testosterone, DHEAS, androstenedione and 17-hydroxy-progesterone were measured by liquidchromatography tandem mass spectrometry. The limit of detection for testosterone was 0.1 nmol/L, and the working ranges were 0.2-100 nmol/L. The working range was assessed from the precision profile, and defined as the concentration in which the coefficient of variation (CV) was <10%. Sex hormone-binding globulin, FSH and LH were analyzed on the Architect i2000 platform (Abbott) by chemiluminescent micro particle immunoassay method using the corresponding kits. The working ranges were 0.1-250 nmol/L, 0.05-150 IE/L and 0.07-250 IE/L, respectively. Serum IGF-1 was measured by noncompetitive TR-IFMA and serum IGFBP-3 was measured by an immunoradiometric assay (IRMA) (Diagnostic System Laboratories Inc.). C-reactive protein (CRP) was measured by a high-sensitive CRP TR-IFMA with a detection limit of 0.1 μg/L. Plasma lipids and triglycerides were measured using an automated commercially available system (Aeroset, Abbott Diagnostics, Abbott Park Laboratories). The CV was <5%. Serum FFA was determined by a colorimetric method using a commercial kit (Wako Chemicals).
Body composition, maximal aerobic capacity and 24-h ambulatory blood pressure measurement
Body weight was measured on trial day before confinement to bed (with the participants wearing underwear) to the nearest 0.1 kg, height was measured to the nearest 0.5 cm at inclusion and BMI was calculated. On the following day we measured total and regional fat mass (g) and lean body mass (g) by dual X-ray densitometry (DEXA) using a Hologic 2000/w osteodensitometer (Hologic, Waltham, MA, USA). The system software provided the mass of lean body, fat and bone mineral for the whole body and specific regions. Appendicular, trunk and visceral trunk fat mass and trunk and appendicular lean body mass were extracted. The CV for the DEXA scans was <2% as estimated by repeated measurements (23) .
The amount of intra-abdominal (visceral) fat was evaluated by CT with a Somatom Plus-S scanner (Siemens). The subjects were studied in the supine position. The areas scanned comprised 6 and 12 mm cross-sectional slices at the umbilicus using 120 kV and 330 mAs. The same technician performed all the scans, which subsequently were analyzed by the same radiologist (AGJ). Then a 6-min submaximal exercise test with continuous monitoring of heart rate was performed on a bicycle ergometer (Monark Ergometric 829 E, Monark Exercise, Varberg, Sweden). We used a workload of 300-1200 kpm/min, depending on age and reported physical activity by the subject, and maximal aerobic capacity (VO 2 max) was calculated (24) based on extrapolation of heart rate, age of the participant and weight. The isometric strength of the right biceps and quadriceps muscles was assessed on Day 2 by means of a dynamometer (Good strength, Metitur Ltd, Jyväskylä, Finland), which electronically measures the isometric muscle functions in the upper and lower limbs. The strength was calculated as the mean of three voluntary maximum isometric contractions separated by 1 min intervals.
All the participants, KS and controls, underwent 24-h AMBP using an automatic portable apparatus (Spacelabs 90207, Redmond, Washington, USA) at the end of the examination program. The apparatus used an oscillometric method of BP measurement. An appropriate cuff size placed on the left arm was used and readings were obtained every 20 min for a period of 24 h on a normal weekday. Time of bed and time of rise in the morning was noted by the participant.
Microdialysis
After application of a local analgesic (Lidocaine), microdialysis catheters (CMA-60; CMA, Stockholm, Sweden) were inserted in subcutaneous adipose tissue in the periumbilical region. The microdialysis catheters have a molecular cutoff of 20 kDa and a membrane length of 30 mm and were perfused at a flow rate of 1 mL/min using CMA-107 perfusion pumps (CMA). Changes in interstitial glycerol concentration can be taken as an index of lipolysis (25) . Glycerol, glucose and lactate in the microdialysis dialysate was measured in duplicate by an automated spectrophotometric kinetic enzymatic analyzer (CMA-600). 
Statistics
Results
Characteristics of study subjects and body composition during treatment
At baseline, males with KS and controls were similar on most body anthropometric composition measures (Table 1) . Placebo-treated KS had greater total and intraabdominal fat mass (P ≤ 0.001) and lower lumbar bone mineral density (P = 0.02) ( Table 2 ) compared with controls at the end of the study. Testosterone treatment did not affect crude measures of body composition compared to baseline in males with KS, but weight, BMI, hip and waist circumference increased significantly during placebo treatment (Table 1) . After 6 months, no difference was observed regarding the same measures comparing testosterone and placebo-treated men with KS (Table 1) . However, abdominal fat and total body fat was higher in placebo versus testosterone-treated KS patients evaluated both by DEXA and CT (P ≤ 0.05 for all, Table 2 ). Total lean body mass increased during testosterone compared with placebo treatment, approaching statistical significance. Two participants dropped out of the study due to perceived side effects. These side effects were not considered to be serious. There were no other reported side effects.
Insulin sensitivity and circulating metabolites
Insulin sensitivity was similar in placebo-treated KS and controls (Fig. 2) , while HOMA-IR tended to be higher (P = 0.06). Glucagon, insulin and FFA showed a similar curvature in KS and controls during the clamp (non-significant interaction term group * time, P values not shown). Glucagon and insulin levels were similar in placebo-treated KS and controls during basal (P = 0.7 and P = 0.2, respectively) ( Fig. 3) and during the entire clamp, including hyperinsulinemic circumstances (P = 0.2 and P = 0.2, respectively), whereas FFA levels were not suppressed to similar levels among males with KS (P = 0.0002) (Fig. 3) . IGFBP3, but not IGF-1, was higher in placebo-treated KS as compared to controls (Table 2) . CRP was also similar between placebo-treated KS and controls.
Testosterone treatment did not affect insulin sensitivity in KS (P = 0.6) (Fig. 2) or HOMA-IR (P = 0.8). Insulin and FFA levels were similar in placebo-treated and testosterone-treated KS during basal (P = 0.4 and P = 0.7) and hyperinsulinemic circumstances (P = 0.4 and P = 0.1) (Fig. 3) . Glucagon was similar at baseline (P = 0.5), but slightly lower during testosterone treatment (P = 0.04). IGF-I (P < 0.03), but not IGFBP3 (P = 0.2), was higher among testosterone-treated KS compared with placebo (Fig. 3) .
Sex hormones, gonadotrophins, hemoglobin and hematocrit
Testosterone and hemoglobin was lower in placebo-treated KS compared with controls, while levels of LH and FSH were higher, whereas levels of SHBG, 17-OH progesterone, DHEAS and androstenedione were comparable (Table 2) .
Testosterone, LH and FSH levels were comparable between placebo and testosterone-treated KS patients, whereas SHBG levels were suppressed by testosterone treatment in KS (Table 2) . Likewise, androstenedione levels were comparable, whereas 17-OH progesterone and DHEAS were higher in placebo versus testosterone-treated KS (Table 2) . Hemoglobin was higher during testosterone treatment (Fig. 3) , while levels of total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides and alanine aminotransferase were unchanged.
Resting EE, physical fitness and muscle strength
Resting EE was similar between placebo-treated KS and controls during basal and hyperinsulinemic circumstances (results not shown), and likewise, muscle strength was also similar, although numerically lower among placebotreated KS (Table 2 ). VO 2 max was markedly lower in placebo-treated KS compared to controls (P = 0.004).
Resting EE and RQ during basal and hyperinsulinemic circumstances was unaffected by testosterone treatment (all P > 0.7). VO 2 max was only marginally affected by testosterone treatment (P = 0.12), while muscle strength in biceps and quadriceps muscle were comparable between groups (Table 2) .
Microdialysis
Interstitial concentrations of glucose Baseline levels of interstitial glucose (mmol/L) in abdominal adipose tissue were comparable between placebo-treated KS and controls (4.83 ± 0.98 vs 5.16 ± 1.22, respectively, interstitial concentrations of lactate, P = 0.55), and there were no effects over time (P = 0.3 and P = 0.68, basal and clamp periods, respectively). Baseline concentrations did not differ between placebo and testosterone-treated KS (4.83 ± 0.98 vs 5.09 ± 2.66, P = 0.8), and no change was seen with time (P = 0.15 and P = 0.49, basal and clamp periods, respectively).
Interstitial concentrations of glycerol
Baseline concentrations of interstitial glycerol (µmol/L) in abdominal adipose tissue was marginally higher among KS compared with controls (445 ± 297 vs 287 ± 108, respectively, P = 0.08). There were no effects over time (P = 0.8 and P = 0.7, basal and clamp periods, respectively). Likewise there was no difference between placebo and testosterone-treated KS (445 ± 297 vs 479 ± 251, P = 0.7), and no effect over time (P = 0.3 and P = 0.8 basal and clamp periods, respectively).
Interstitial concentrations of lactate
Baseline concentrations of interstitial lactate (mmol/L) in abdominal adipose tissue did not differ between placebotreated KS and controls (2.38 ± 0.67 vs 2.1 ± 1.1, P = 0.4). There was no difference over time (P = 0.1 and P = 0.6, basal and clamp periods, respectively). There was no difference between placebo and testosterone-treated KS (2.38 ± 0.67 vs 2.86 ± 1.5, P = 0.3), and no effect over time for the comparison (P = 0.3 and P = 0.09, basal and clamp periods, respectively).
24-h ambulatory blood pressure
No differences between placebo-and testosterone-treated KS patients were detected with respect to any measures from 24-h AMBP. Likewise, no differences was seen between placebo-treated KS and controls (Table 2) .
Discussion
This study, to our knowledge, is the first randomized trial of testosterone and placebo in KS studying insulin sensitivity, metabolism, body composition, muscle strength and maximal oxygen uptake. The principal results demonstrate distinct effects of testosterone on body composition, especially reductions in abdominal fat mass and total body fat during a 6-month course of testosterone treatment in KS. Testosterone treatment, on the other hand, did not change glucose homeostasis, circulating levels of free fatty acids or other measures of intermediate metabolism, but we speculate that longer term testosterone treatment would lead to greater changes in body composition and reductions in visceral fat, and in turn eventually increase insulin sensitivity. The reductions in fat mass was accompanied by other testosterone-responsive changes, such as an increase in hemoglobin and IGF-I, reductions in SHBG and discrete changes in adrenal androgens such as 17-hydroxy progesterone and DHEAS, but not androstenedione, showing that active testosterone treatment influences adrenal steroidogenesis in a specific manner (26) . Although hemoglobin increased significantly among males with KS during active treatment, the level was still somewhat lower than among controls. The testosterone-induced increase in hemoglobin seems to occur via increased erythropoietin and decreased ferritin and hepcidin (27) . Due to the design of the study with withdrawal of study medication the day before examinations, we saw no changes in testosterone, LH and FSH.
Previously, short-term testosterone gel treatment (90 days) of hypogonadal men of different etiologies resulted in increments in lean body mass and reductions in fat mass measured by DEXA. The changes occurred in a dose-dependent fashion, but with increments in lean body mass only occurring with testosterone levels in the higher normo-physiological range (15). Woodhouse et al. studied experimental hypogonadism and 20-week graded testosterone enanthate treatment (28) . Here, low physiological testosterone levels were associated with gains in subcutaneous, intermuscular and intra-abdominal adipose tissue, whereas testosterone levels in the normoto supra-physiolgical range of 18.8-87.9 nmol/L increased lean body mass and reduced subcutaneous fat mass, but not total body fat or intra-abdominal fat mass (28) . Our results are in line with the latter study, since only subcutaneous abdominal and total body fat, but not intra-abdominal fat mass was reduced during testosterone treatment. Although lean body mass, physical fitness and maximal muscle strength increased nominally, these changes were not statistically significantly affected by treatment in this study, perhaps because of a limited study sample. Notably, males with KS had much lower exercise capacity as evaluated by measurement of VO 2 max, as also previously documented in observational studies (26, 29) . Of note, we saw nominal increases in weight and BMI from baseline through both treatment arms. Albeit only significant for the comparison with the placebo arm, these data underline the deleterious body compositional effects of a continuous hypogonadal milieu in these patients. In young boys with KS (4-12 years of age), treatment with oxandrolone, a non-aromatizable androgen not converted to estradiol, also led to lower body fat as measured by skin fold caliper (30) . In a previous study among 70 males with KS we described a high incidence of the metabolic syndrome and insulin resistance compared with an age-matched control group. About 50% of KS patients fulfilled the criteria for the metabolic syndrome, compared with 10% among controls (4, 31) . Similar findings were later reported by Ishikawa et al. (5) . In the current study, testosterone treatment had no effect on insulin-mediated glucose disposal (M value) or insulin sensitivity as expressed by HOMA-IR index, although a trend toward higher HOMA-IR was detected in placebo-treated KS compared to controls (P = 0.06). Of note, the males with KS studied here were not overtly obese, but overweight. In an uncontrolled setup, 18-month testosterone treatment in a group of males with KS with similar body composition was shown to improve HOMA-IR without changing BMI or waist circumference (32) . In that study, however, HOMA-IR values were markedly higher than here (2.8 ± 1.7 vs 1.3 ± 1.0, respectively for placebo treated KS), and unfortunately, no data on regional body composition were provided. Thus, it is not clear whether reductions in intra-abdominal adipose tissue, which is normally believed to reflect insulin sensitivity, did in fact occur in that study following treatment. Intermediate metabolism, reflected by free fatty acid and circulating hormones was also unaffected by active treatment. Some studies have indicated that testosterone treatment of hypogonadal patients with type 2 diabetes may primarily help obese patients with improvements in insulin sensitivity (13) , while this may not happen in lean patients (14) , which could indicate that testosterone therapy works by affecting 'modifiable fat', which usually would be visceral fat. However, a meta-analysis including about 2900 men from cross-sectional studies and 850 with type 2 diabetes, showed that testosterone levels were significantly lower in patients with type 2 diabetes even after controlling for age and BMI. Here it was concluded that higher testosterone levels lead to a decreased risk of type 2 diabetes mellitus (33) . Testosterone may also have direct effects on insulin sensitivity, because in patients with hypogonadotropic hypogonadism, removal of testosterone replacement therapy leads to reductions in insulin sensitivity within only 14 days (16) . We previously showed short-term hypogonadism in healthy males did not affect insulin sensitivity when studied with the gold standard technique, hyperinsulinemic-euglycemic clamp technique (34, 35) and neither during 4 weeks induced hypogonadism (36) or during 20 weeks of treatment with a range of different doses (37), but 1-week treatment of healthy lean men with aromatase inhibitors resulted in slight elevation of testosterone, decreased estradiol levels and decreased insulin sensitivity (38) , indicating a role for estradiol in determining insulin sensitivity in males. Previously, we have found normal levels of estradiol in males with KS, with higher levels in testosterone-treated KS (26, 31, 39) . Interestingly, we observed only partial suppression of FFAs during the clamp when comparing placebo-treated KS with controls, an indirect sign of insulin resistance. To conclude, there is both epidemiological and clinical evidence that shows a four-fold increased risk of diabetes and metabolic syndrome in KS. Presently, there is no evidence to suggest that testosterone replacement therapy of KS patients improves insulin sensitivity, although it is likely that indirect effects on body composition and physical fitness in the longer term will lead to lowered insulin resistance and thus could protect from development of type 2 diabetes. The dissociation reported here between positive changes in body composition and no changes in glucose homeostasis may indicate that the high prevalence of type 2 diabetes in males with KS is a syndrome-specific trait that perhaps need much longer treatment and more precise normalization of testosterone levels to overcome. Longer term and larger studies will be needed to show this. We saw a significant effect of testosterone treatment on circulating IGF-I, which is otherwise within normal levels in KS, both in childhood and adulthood (29, 40) , without any change in IGFBP-3. Testosterone acts both via an effect on GH secretion and action, which subsequently enhances and augments the beneficial effects on fat oxidation and protein synthesis (41) . IGFBP-3 was somewhat higher among males with KS, for which we have no ready explanation.
We used oral testosterone undecanoate which can show varying bioavailability, but nevertheless has been shown to have effects on body composition before (42) , as also shown here. It may have been more efficacious to use either transdermal or injectable testosterone, which might have led to more pronounced effects on different androgen-responsive measures. Although we carefully matched KS and controls, we cannot be sure that the two groups are comparable on socioeconomic factors, habitual physical activity and diet, factors that could for instance affect measures of glucose homeostasis. There were several drop-outs during the study, but there was no common theme in their background for stopping participation in the study. Two males with KS dropped out due to reported side effects of the study medication. These were naïve to the effect of testosterone and thought it unpleasant to feel the normal effects of testosterone treatment. We did not find that there were any consistent differences between drop-outs and those that continued participation. The fact that some patients had never received testosterone, while others had and were using testosterone until inclusion in the study, can thus also be seen as a limitation of the study, and although all males with KS were only examined after 6 months of either active treatment or placebo, we cannot exclude that 6 months is an insufficient washout period for effects of testosterone on for example insulin sensitivity. Thus, we cannot exclude a type II error in the present study and inclusion of a larger study group would have been advantageous. Originally, it was our intent to include more males with KS, but we experienced a great deal of reluctance because of the 6 months of placebo treatment, which especially the males that were treated before entering the trial saw as problematic. We did not experience any serious adverse effects during the study.
In conclusion, testosterone for 6 months induces significant and positive effects on body composition in males with KS, including a reduced abdominal fat mass. We observed no changes in measures of glucose homeostasis, but prolonged treatment with testosterone in KS will likely lead to further positive changes also regarding glucose homeostasis. We observed no serious adverse effects of testosterone treatment.
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